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Cyst formation and growth in autosomal dominant polycystic kidney
disease. Previous morphologic studies on kidneys from adult patients
with autosomal dominant polycystic kidney disease (ADPKD) indicates
that the cysts developed from nephrons and collecting ducts in associ-
ation with hyperplasia of epithelial cells lining the cyst walls. In the
present study, we systematically evaluated by scanning electron mi-
croscopy 387 cysts in polycystic kidneys obtained from 10 adult
patients. Some cysts were lined by cells typical of collecting duct
(7.2%), proximal tubule (1.8%) or glomerular visceral (2.1%) epithe-
hum. The remaining cysts were lined by a single layer of phenotypically
undefined (84.0%) or markedly hyperplastic (4.9%) epithelium. The
median plane surface area of individual cells within cysts was 182 X
10-8 cm2. Among all cysts the surface area of single epithehial cells
ranged between 22 and 2530 x 10—8 cm2, but within single cysts the
range of individual cell surface areas was more narrow. Mean cell
surface area did not increase in direct proportion to cyst diameter; thus,
epithelial hyperplasia is a central element in the progressive enlarge-
ment of cysts. In some cysts hyperplasia was accentuated by projec-
tions into cyst lumens of polyps, small adenomas and cord—like arrange-
ments of cells. Epithelial polyps were found in the cysts of one
non-azotemic patient, excluding renal failure as a cause of this accen-
tuated type of epithelial proliferation. Morphologic evidence that cysts
compressed adjacent renal parenchyma was observed in all kidneys. In
11 cysts bisected and then both halves thoroughly examined by scan-
ning electron microscopy, one or two tubule openings were seen in one
of the hemisections in three cysts (27.3%). The absence of tubule
connections in 72.7% indicates that the intracavitary fluid probably
derives from net transepithelial secretion in most cysts. On the basis of
this study, we suggest that in ADPKD the major determinants of cyst
enlargement are sustained epithelial hyperplasia and the sequestration
of fluid delivered to cysts by transepithehial secretion and glomerular
filtration.
Autosornal dominant polycystic kidney disease (ADPKD) is a
relatively common hereditary disorder that progresses to renal
insufficiency in about one—half of cases 11—3]. Since cysts derive
from nephrons and collecting tubules, they may be likened to
"giant nephrons" that continue to function in some respects
like the nephron segments from which they derived [4]. The
cellular composition of cysts has been examined qualitatively in
a few cases of ADPKD [5—8]. Marked epithelial hyperplasia in
cyst walls, sometimes to the extent of forming micro-polyps and
small adenomas, has led to the suggestion that epithehial prolif-
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eration may have a central role in the etiology and pathogenesis
of cysts [6—9].
In the present study we performed a methodical scanning
electron microscope (SEM) examination of ten kidneys ob-
tained from azotemic and non-azotemic patients with ADPKD
to determine the morphological patterns of epithelia within
individual cysts. The results provide evidence that epithelial
hyperplasia accompanies the formation of all cysts and, further
suggest that cysts form in a relatively small fraction of renal
tubules, most of which fill with fluid that derives from transepi-
thelial secretion.
Methods
Ten sets of kidneys from five male and five female patients
with history, physical, radiographic and laboratory evidence of
ADPKD were collected from several renal centers throughout
the United States (Table 1). Five patients had been dialyzed
intermittently for up to nine years. Patient seven was non-
azotemic; the remainder had azotemia of varying severity. In
nine cases the kidneys were fixed by immersion in 4% formal-
delhyde or paraformaldehyde buffered in 0.1 M sodium phos-
phate buffer (pH 7.3) and sent to our laboratory. In Kansas City
these kidneys were kept at 7°C in a mixture of 4% paraformal-
dehyde/1% glutaraldehyde in phosphate or cacodylate buffer.
Because most of the cysts in polycystic kidneys contain fluid
with oxygen tensions nearly equal to normal blood (unpublished
observation) the cells remained viable after interruption of
blood flow, and immersion fixation in chilled medium gave
preservation of cyst epithelial walls satisfactory for scanning
electron microscopy.
In case seven, the kidneys were removed from a non-azote-
mic patient who died from a ruptured cerebral arterial aneu-
rysm. These kidneys had been donated for transplantation.
They were perfused (Waters pulsatile perfusion system) at 10°C
with a plasma—like solution until they were fixed with 2%
glutaraldehyde in isotonic saline. The quality of preservation
for the normal, as well as cystic parenchyma, was excellent.
Five sections of kidney (10 x 5 x 5 mm) were removed from
the superficial (within one centimeter of kidney surface) and
five sections from the deep (greater than 3 cm from kidney
surface) portions of each kidney. At least 10 superficial and 10
deep cysts were examined in each of the 10 cases. Thin slices of
each section were rinsed three times in 0.1 M sodium phosphate
buffer, post-fixed for one hour in 1% sodium tetroxide in sodium
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Table 1. Patient data
Patient Sex
Age
years
Serum
creatinine
mgldl Dialysis
Dialysis
duration
years
Method of
retrievala
Reason for
retrieval
1 F 56 Yes 1 Neph Renal abcess
2 M 44 8.4 No Neph Intractable pain
3 F 30 6.4 No Neph Intractable infection
4 M 37 Yes 0.25 Neph Pre-transplant
5 M 53 Yes 7 Autopsy Death
6 F 16 7.3 No Neph Pre-transplant
7 F 34 1.5 No Autopsy Death
8 F 53 Yes ? Neph Pre-transplant
9 M 66 5.4 No Autopsy Death
10 M 55 Yes 9 Neph Pre-transpiant
Abbreviation Neph, is Nephrectomy.
Fig. 1. Cyst lined with epithelium typical of cortical collecting duct. (2,000 x). Fig. 2. Cyst lined with epithelium typical of proximal tubule. (5,600 x).
phosphate buffered saline, and followed by three rinses in
sodium phosphate buffer. The tissue passed through a series of
alcohols (30 to 100%), placed in Freon 113 solvent and dried
(critical point) in a Bomar SPC 1500 dryer using carbon dioxide.
The tissue was mounted on 3/8 inch aluminum stubs with
colloidal silver paste. The samples were sputter—coated with
gold in a Technics Hummer sputter coater and viewed in a
JEOL JSM 35 scanning electron microscope at 25 KY (JEOL,
Tokyo, Japan). The maximum field of observation that could be
obtained with the SEM was a rectangle 7.3 x 9.7 mm, but the
maximum field with adequate resolution of cyst surface features
was 3.7 x 4.9 mm. This latter field of view was used for
surveying tissue specimens; higher magnifications were used to
examine cell surface features. Photomicrographs were made
with Polaroid film.
For the present study we defined a cyst as a fluid—filled,
epithelial—lined structure with a diameter greater than 200 m.
Welling and Welling [10] suggested that a tubule cannot be
distended beyond this limit without postulating transepithelial
hydrostatic pressures that are unimaginable in mammalian renal
tubules. We could not examine cysts that contained precip-
itated blood or protein products. About one—half of the cysts
could not be examined because of this limitation. We examined
cysts ranging in diameter from 200 to 80,000 x i0 cm. We
could not visualize the largest cysts in a single low—power field;
rather, we made a montage of these larger cysts by merging
several individual photomicrographs.
The morphologic appearance of each cyst was catalogued by
their resemblance to collecting tubules (Fig. 1), proximal tu-
bules (Fig. 2), glomerular visceral epithelium (Fig. 3), epithe-
hum not typical of any normal tubule segment (Fig. 4), and by
the presence of micropolyps or cord—like cellular hyperplasia
(Fig. 5).
Two hundred and fifty-nine cysts of the original 387 cysts
were selected for a more detailed morphometric analysis, with
the criteria of selection being the absence of precipitate ob-
structing a clear view of the apical surface, intact lining cells
with relatively distinct cellular outlines, and a relatively flat
surface for analysis. We did not include proximal tubule or
glomerular visceral cysts in this analysis as the cell borders
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Fig. 3. Cyst lined with epithelium typical of glomerular visceral layer. Note podocytes (arrow) with large cell bodies and numerous processes. (300
x). Fig. 4. Cysts lined by epithelium not typical of any normal tubule segment. (1,200 ><).
Fig. 5. Micropolyps (arrow) (A) and cord-like hyperplasia (arrow) (B) in cysts. (A 400 x, B 100 x).
were indistinct or highly interdigitated. The apical cell surfaces
were photographed at a high enough magnification and analyzed
using a Graf/pen Sonic digitizer (Model GP-6, Science Acces-
sories Corp; Southport, Connecticut, USA) connected to an
IBM-PC computer utilizing a unique program. Mean cell sur-
face area (neglecting microvillous extensions of apical plasma
membrane) was determined in two ways. In most cases a line
was drawn around 10 to 200 contiguous cells in a cyst, and the
mean cell area computed from the total area divided by the
number of cells. In one representative superficial and deep cyst
from each of the 10 cases, the area of each of 10 seperate cells
was determined in order to compare the range of cell areas
within single cysts to the range of cell areas among different
cysts. Intact renal tissue is known to shrink during the critical—
point drying step used in processing samples for scanning
electron microscopy [111. Our SEM samples show shrinkage of
about 5 to 10% more than similar specimens processed rou-
tinely for transmission electron microscopy. The apical surface
measurements of this study were not corrected for shinkage
factor.
We determined the extent to which the cysts appeared to
compress adjacent renal parenchyma. Compression was judged
to be present when tubules adjacent to the cysts were flattened,
or otherwise deformed to give the impression that they had
been pushed out of their normal anatomic alignment. Compres-
sion was evaluated only for those cysts with adequate contigu-
ous non-cystic parenchyma.
We looked for evidence of tubule connections in all of the
at '
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Epithelial features
Number
of kidneys
Number
of cysts
Percent of
total cysts
Collecting tubule 7 28 7.2%
Proximal tubule 1 7 1.8%
Glomerular visceral 4 8 2.1%
Not typical of normal tubule 10 325 84.0%
segment
Micropolyps and cord—like 6 19 4.9%
hyperplasia
Total 387 100.0%
0 400 800 1200 1600 2000 2400 2800
Mean cell area, X 10—8 cm2
Fig. 7. Distribution of cell surface areas within 10 cysts. Range of
surface areas shown by horizontal line and mean surface area by the
Median closed circle.
revealed a septal membrane composed of two layers of epithe-
hum arising from the cyst wall and protruding into the cyst
cavity. These septal membranes may represent another exam-
ple of hyperplastic epithelial growth. Ninety per cent of the
kidneys and 21% of the cysts showed septa that protruded into
the cyst cavity.
In 259 cysts, the median apical surface area of a single cell
was 182 x 10—8 cm2 (182 lm2); however, among all cysts mean
cell area ranged from 22 to 2532 x 10—8 cm2 (Fig. 6). Seventy-
nine per cent of the cysts contained cells with a mean area less
than 350 x 1O_8 cm2. Superficial and deep cysts were distrib-
950—2530 uted in a similiar pattern. To determine if the wide range of
mean cell areas among cysts held true for the individual cells
within cysts, we selected 10 cysts with mean areas spanning the
range observed in Figure 6 and determined the range of surface
areas of the individual cells. Within a cyst the range of values
for the surface area of individual cells was much narrower than
the overall range of mean surface area values among cysts (Fig.
7).
We examined the relation between the diameter of an indi-
vidual cyst and the mean surface area of the cells lining that cyst
wall (Fig. 8). Although analysis of variance revealed no stasti-
cally significant relationship between cyst diameter and mean
cell surface area, there was a tendency for mean cell area to
increase as cyst diameter increased from 0.01 to 2 cm. Above 2
cm, mean cell surface area was 252 70.3 (sEM) x 10_8 cm2.
Compression of adjacent parenchyma by cysts was evaluated
qualitatively. All kidneys showed evidence of parenchymal
compression. One hundred sixty—eight cysts (82.3% of 204
cysts with interstitium adequate to assess) showed compression
of adjacent non-cystic renal tubules (Fig. 9).
Evidence of afferent and efferent tubule openings was sought
in all cysts. Openings into the bisected spherical cavities could
be easily detected since the arteriolar and tubular openings into
intact Bowman's capsules were readily demonstrable by scan-
ning electron microscopy (Fig. 10). Initially we examined only
a single half of 259 bisected cysts and found one or more tubule
openings in 25 (10.2%) cysts. However, normally one looks at
only one portion of a truncated cyst in random cut sections
examined by scanning microscopy. Consequently, in 11 bi-
closer inspection of the tissue between these compartments sected cysts we examined the entire surface of each hemi-
Table 2. Morphologic characteristics of 387 cysts examined by
scanning electron microscopy
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Fig. 6. Distribution of mean surface areas of cells in 249 cysts. Median
surface area (arrow) was 182 )< 10 cm2. Symbols are: () deep; ()
superficial.
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cysts examined by scanning electron microscopy. In addition to
this, we examined eleven cysts for tubule connections more
critically by scanning the complementary hemispheres of bi-
sected solitary cysts. We analyzed only bisected spherical cysts
which afforded an unobstructed view of the surface epithelium;
tissue blocks were also tilted within the microscope to optimize
the detection of potential tubule openings.
Results
We examined 387 renal cysts in 10 cases of ADPKD (Table
2). Surface morphology typical of well—differentiated epithelium
(collecting tubule, proximal tubule, glomerular visceral epithe-
hum) was observed in 43 cysts (11.1%). The morphology of
most cysts (84.0%) could not be correlated with that of any
typical renal tubule segment. Some of these "undefined" cysts
contained an epithelium composed of a single cell type arranged
in a regular pattern whereas other cysts contained poorly
differentiated cells arranged in an irregular pattern (Fig. 4).
Micropolyps, adenomas or linear hyperplasia (Fig. 5) were seen
in 4.9% of the cysts (60% of the kidneys). Some cysts appeared
to be compartmentalized into contiguous spaces. However,
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Fig. 8. Relation between mean cyst diameter and mean cell surface
area. Horizontal lines show range of cyst diameters; vertical lines show
SEM.
sphere. We found clear evidence of at least one tubule opening
in three (27.3%) cysts (Fig. 11). The cysts with visible tubule
openings did not have a common epithelial phenotype.
In case seven (non-azotemic), we cut a cross section 5 mm
thick through the middle of one of the kidneys. The kidney slice
illuminated on a dark background was photographed in sections
through a Wild dissecting microscope and printed at a final
magnification of 13.8 x. The prints of the sections were
arranged in a montage and the cysts (tubules greater than 200 x
i0 cm in diameter) were counted. In this kidney there were
190 cysts in the cross section; if one arbitrarily allocates one
cyst per renal tubule, maximally ito 2% of the neprons exposed
in the slice were cystic.
Discussion
Microdissection studies of ADPKD kidneys in the early
stages of cystic change have indicated that the cysts derived
from glomeruli and tubule segments [12, 13]. ADPKD kidneys
studied by transmission and scanning electron microscopy
provided clear evidence that the cysts were lined by epithelium,
and that the cysts retained some of the morphological and
functional features of the nephron and collecting duct segments
from which they derived [5—71. The ability of some cysts to
maintain steep transepithelial gradients of Na, K, C1, H,
creatinine [14, 151 and 132 microglobulin [161 has been observed
repeatedly. Moreover, epithelial sheets gently removed from
the cysts and studied in Ussing—type chambers in vitro maintain
the ability to generate unidirectional movements of electrolytes
[17]. The current study solidifies the view that the cysts are
lined by intact layers of epithelial cells that in some instances
retain the morphologic appearance of glomerular, proximal
tubule or collecting duct epithelium.
The well preserved phenotypes of normal renal tubules
observed earlier by Evan et al [6, 71 and in 11.1% of the cysts in
this study, indicates that large cysts can develop without a
change in epithelial phenotype. However, the majority of the
Fig. 9. Compression of adjacent non-cystic parenchyma by an individ-
ual cyst. A. A cyst from an advanced case of ADPKD showing
extensive compression of adjacent parenchyma noted by the flattened
appearance of the tubules adjacent (arrow) to the cyst compared to the
more circular nature of tubules farther away. B. The other half of the
cyst in A also shows compression of parenchyma, and no tubule
openings. (A and B 36 ><).
cysts evaluated in this study did not have epithelial phenotypes
of distinct tubule segments. Most of these "non-descript" cysts
probably derived from proximal tubules [14, 15], and the
absence of brush border projections on the apical surface
suggests that the cells were not fully differentiated.
Although the primary mechanisms that drive renal cysts to
progressively enlarge are not completely understood, cyst
growth can be resolved into two basic components: 1) the
expansion of the epithelial wall, and 2) the intracavitary accu-
mulation of fluid. We have used the detailed analysis of cell
surface area in this study to determine if all cysts in ADPKD are
products of cell proliferation (that is, an increased number of
cells per unit of original tubule length) rather than a simple
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Fig. 10. Bowman's capsule with glomerulus removed. Note the open-
ings of afferent and efferent arterioles (arrow). (360 x).
ballooning of renal tubule segments. Analysis of mean cell
apical surface areas in normal human renal tubules (Table 3)
indicates that the mean cell surface areas of progenitor renal
tubule cells do not increase enough to account for the formation
of cysts by simple expansion of renal tubule segments (Fig. 8).
There may be a modest increase in the mean surface area in the
epithelial cells as cysts enlarge from tubules 0.006 to 8 cm in
diameter, but calculations prove that the surface areas of cells
do not increase enough to account for cyst growth by simple
stretching of tubule epithelium. For example, (Table 3) if a
proximal tubule (mean diameter, 62.4 x l0 cm) were to
develop a cyst in a segment initially 1 mm in length and
ultimately grow to a cyst 8 cm in diameter, the surface area
would increase from 19.6 x l0— cm2 to 201 cm2 (that is, DL
L = 19.6 x l0 cm2 and irD2 = 201 cm2), a 100,000-fold
increase in surface area. For cells initially 170 x 10—8 cm2 in
size, the initial proximal tubule segment would contain 1153
cells. In the cyst 8 cm in diameter (201 cm2) with the same
number of cells as in the initial segment, the mean cell surface
area would have to increase from 170 x 10_8 cm2 to 1743 X l0
cm2, a 102,000-fold increase in mean cell surface area. As
shown in Figure 6 the largest mean cell surface area in all of the
cysts was only 2530 x 108 cm2 (15-fold greater than a normal
proximal tubule cell). For other normal tubule segments with
cells smaller than that found in the proximal tubules, the
calculations weigh even more impressively against the notion
that cysts form by simply stretching and thinning the cells.
Thus, these observations and calculations provide evidence
that the number of epithelial cells increases strikingly as tubule
segments enlarge to form cysts.
The existence of at least two types of cells in some cysts
suggests that the cystogenic process promotes different types of
cells within a renal tubule segment to proliferate. Cysts with
heterogenous types of cells are explained most economically by
the concurrent growth of all cells in a defined segment of renal Fig. 11. Tubule opening (arrow) into complementary hemisection of a
tubule, rather than by clonal growth from a solitary cell. In this cyst (A, B). C. Higher magnification of tubule opening seen in A. (A, 65
context, the less—well differentiated epithelium observed in the x; B, 65 x; C, 360 x).
c4.iO.
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Table 3. Normal values for human renal tubules
Apical Celia
width x
I0 cm
Apical cell"
area x
10—8 cm2
Tubule
diameter x
i0 cm2
Proximal tubule [27] 14.7 170 (1) 62.4 (13)
Henle thin limb [28] 17.9 251 (5) 26.1 (1)
Distal tubule [29]
pars recta 7.7 47 (2) 76 (1)
macula densa 5.6 24 (2)
Collecting duct [30]
dark cells 7.9 49 (1)
light cells 9.4 70 (29)
Number in parenthesis indicate the number of cells examined.
Numbers in brackets are references.
a Apical cell width was determined from the distance between apical
junctional complexes in cross-sections of tubule cells examined by
transmission electron microscopy and published in the references
listed. We analyzed only cells in which the nucleus filled a substantial
portion of the cell to optimize the chance that the cross section was
taken at the center of the cell.
b Apical cell surface area was determined from apical cell width,
assuming that the plane cell surface at the apex was a circle.
majority of the cysts may represent changes in the cells
subsequent to the development of the cyst rather than a
preneoplastic process leading to autonomous epithelial cell
growth.
The estimates of cell surface area in this study provide data
that can be used to approximate minimal rates of cell growth in
renal cysts. If it is assumed that a cyst develops in a 1 mm
segment of renal tubule containing 1153 cells (vida supra) and
expands in 20 years to a cyst 8 cm in diameter, the cell number
will increase to 118 million, a 102,000-fold increase. Although
normal and abnormal tubule epithelial cells do have finite life
spans, if we assume that every one of the 1153 original and
daughter cells survived and divided repeatedly, the cyst could
grow to 8 cm in diameter with only 16 cell doublings. This rate
of cell proliferation (spaced over 20 years or more) can be
considered relatively slow. If, indeed, the cell turnover rates
are relatively slow, renal cysts may be analogous to slow—grow-
ing epithelial tumors that distort, but do not invade the normal
parenchyma, only in this case the "tumors" are filled with fluid
rather than with cells.
The current study raises new questions about the sources of
cyst fluid in ADPKD. Microdissection and electrolyte analysis
of human renal cysts have been interpreted to indicate that cyst
fluid derives from glomerular filtrate [4, 12—19]. However, we
could not identify tubule attachments in the majority of cysts
despite exhaustive examination by scanning electron micros-
copy. It may be argued that scanning electron microscopy
might not be sensitive enough to detect tubule openings into
most of the cysts. To test the resolution of our method we
examined empty Bowman's capsules in the cystic kidneys and
easily found arteriolar openings that are even smaller than renal
tubules (Fig. 10). To enhance the chances of finding tubule
openings we chose spherical cysts with no folds or septa in the
epithelial lining, and examined these at high magnification in all
quadrants of both hemisections (Fig. 11). We found definite
tubule openings in 27.3% of these selected spherical cysts.
Tubule openings were detected in 10.2% of the randomly
examined cysts, each of which represented approximately
one—half of an intact cyst. Therefore, the actual incidence of
tubule openings per cyst would be closer to 20.4% in the
random examinations, which is not very different from the
27.3% incidence in the selected cysts. These new data lead to
the conclusion that the majority of the macroscopic cysts may
fill with fluid by transepithelial secretion of solutes and water,
whereas the remainder sequester tubule fluid derived from
glomerular filtrate.
If afferent tubule connections are not maintained in most of
the cysts, by what process is the fluid secreted? Proximal
tubules of the rabbit [20, 21] and the winter flounder [22] can
secrete fluid into the lumen, and recent studies indicate that
cultured cells derived from mammalian distal renal epithelium
can form cysts when grown within hydrated collagen gels [23].
Cysts derived from tubules can also develop and enlarge in
intact embryonic mouse kidneys maintained in organ culture
[24]. Since there is no glomerular filtration, these tubules and
cysts must fill with secreted fluid. The driving force for net fluid
secretion is probably active solute transport [20—22]. Thus,
renal tubules can, under certain conditions, secrete fluid in a
way that would favor the progressive enlargement of a cyst.
The current study may provide some clues to the pathogen-
esis of renal failure in ADPKD. In the one non-azotemic patient
the cysts were seperated by large areas of apparently normal
renal parenchyma, yet there was anatomic evidence that the
cysts compressed adjacent tubules. In the more severely cystic
kidneys of patients with moderate or advanced azotemia (Figs.
9A, 9B), the cysts were larger but did not appear more
numerous than in the non-azotemic case. This suggests that
renal failure may develop, not because more tubules are re-
cruited to form cysts, but because the enlargement of estab-
lished cysts compromises the function of adjacent renal tubules
and ultimately causes them to atrophy [8]. Data derived from
clinical studies indicate that the size and number of large renal
cysts may correlate directly with the serum level of creatinine
[3, 25, 26]. Confirmation of these findings and interpretations by
additional studies may provide a rational basis for the early
reduction of cyst size by surgical or pharmacologic means to
preserve renal function in these patients.
In summary, the current study helps to establish several facts
important to the understanding of cyst etiology and pathogen-
esis. 1.) Based on their morphological appearance the cysts
originate in nephrons and collecting ducts, indicating that in
ADPKD the cystogenic process involves tubule elements de-
riving from the metanephros and the ureteric bud. 2.) The cysts
develop in a relatively few nephrons and collecting ducts. 3.)
Cyst epithelium may retain the phenotype of the tubule segment
from which the cyst derived. 4.) More than one cell phenotype
in a cyst suggests a distributed, rather than a clonal, growth
process in the initial stages. 5.) Epithelial hyperplasia is a
fundamental requirement for cyst enlargement. 6.) A relatively
small proportion of the cysts remain attached to afferent and
efferent tubule segments. 7.) Transepithelial net solute and fluid
secretion into the cavity must occur in those cysts lacking
tubule connections, whereas cysts with afferent connections
may fill with a derivative of glomerular filtrate. 8.) The growth
of a few cysts may, by compression, compromise the function
of adjacent non-cystic nephrons.
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